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TUESDAY, JANUARY 13, 1987

LOWER LOBBY/SIERRA
6:00 PM-9:00 PM REGISTRATION/REFRESHMENTS

WEDNESDAY, JANUARY 14, 1987

-GWER LOBBY
8:00 AM-5:00 PM REGISTRATION/SPEAKER CHECK-IN

SIERRA ROOM
8:00 AM-8:45 AM CONTINENTAL BREAKFAST

PROSPECTOR/RUBICON ROOM

8:45 AM-9:00 AM

OPENING REMARKS

Chi H. Lee, U. Maryland and Frederick J. Leonberger,
United Technologies Research Center, Meeting Cochairs

PROSPECTOR/RUBICON ROOM

9:00 AM-10:30 AM
WA OPTICAL PROBING OF INTEGRATED CIRCUITS
R. K. Jain, Amoco Research Center, Presider

9:00 AM (Invited Paper)

WA1 Noncontact Picosecond Prober for Integrated Cir-
cuit Testing, J. A. Valdmanis, S. S. Pei, AT&T Bell Labora-
tories. We describe a noncontact substrate-independent
integrated-circuit prober, based on electrooptic sampling,
for internal node characterization of picosecond electrical
waveforms at the wafer level. (p. 4)

9:30 AM  (lnvited Paper)

WA2 Picosecond Sampling of Integrated Clrcuits, M. J.
W. Rodwell, K. J. Weingarten, D. M. Bloom, Stanford U.
Electrooptic sampling provides wide bandwidth measure-
ments of the internal voltages of GaAs ICs. We discuss
limitations to bandwidth ang sensitivity, and present recent
results. (p. 7)

10:00 AM

WA3 Picosecond Electrical Pulses for VLS! Electronics
Characterization, J.-M. Halbout, P. G. May, M. B. Ketchen,
G. P. LI, C.-C. Chi, M. Scheuermann, M. Smyth, IBM T. J.
Watson Research Center. Picosecond electrical pulses are
photoconductively generated and characterized on struc-
tures and materials compatible with silicon VLS| elec-
tronics. (p. 10)

WEDNESDAY, JANUARY 14, 1987 — Continued

10:15 AM

WA4 Electrooptic Sampling of High-Speed InP-Based
Integrated Clrcuits, J. M. Wiesenfeld, R. S. Tucker, A. An-
treasyan, C. A. Burrus, AT&T Bell Laboratories; A. J. Taylor,
Los Alamos National Laboratory. Multigigahertz wave-
forms in an InGaAs/InP MISFET inverter circuit have been
sampled noninvasively using pulses from a gain-switched
InGaAsP laser. Propagation delays of 21 ps per MISFET
stage have been measured. (p. 12)

SIERRA ROOM
10:30 AM-11:00 AM COFFEE BREAK

PROSPECTOR/RUBICON ROOM

11:00 AM-12:30 PM
WB HIGH-SPEED LOGIC
D. A. B. Miller, AT&T Bell Laboratories, Presider

11:00 AM (invited Paper)

WB1 Molecular Beam Epitaxy for High-Speed Devices, A.
Y. Cho, AT&T Bell Laboratories. Recent development in
molecular beam epitaxy pushes the frontier of devices to
the ultimate imagination of device physicists and engi-
neers. High-speed devices prepared with epitaxial super-
lattice structure or multiquantum wells and pseudo-
morphic strained layers are discussed. (p. 16)

11:30 AM

WB2 Multigigaheriz Logic Based on InP MISFETs Exhib-
iting Extremely High Transconductance, A. Antreasyan, P.
A. Garbinski, V. D. Mattera, Jr., H. Temkin, AT&T Bell Labor-
atories. We report high-speed logic at 5.0 GHz based on
novel, enhancement mode InP metal-insulator-semicon-
ductor field-eftect transistors having a propagation delay
of 25 psistage and transconductances of 320 mS/mm for a
gate length of 1 um. These measurements are the smallest
propagation delay and the highest transconductance
measured with a field-effect transistor on an inP substrate.
(. 19)

11:45 AM

WB3 Optically Strobed Sample and Hold Circult, Chuck
McConaghy, Lawrence Livermore National Laboratory. A
GaAs sample and hoid vircuit with a 10-ps aperture time
and 1-us hold time has been built and used to sample single
shot signals. (p. 22)

1200 M (Invited Papet)

WB4 High-Speed Optical Logic using GaAs, H. M. Gibbs,
N. Peyghambarian, Y. H. Lee, U. Arizona; J. L. Jewell, AT&T
Bell Laboratories; A. Migus, A. Antonetti, Ecole Polytech-
nique-ENSTA, France; D. Hulin, A. Mysyrowicz, Ecole Nor-
male Superieure, France. A bulk-GaAs nonlinear etalon can
make a decision in =1 ps and recover to make another in
< 100 ps, making possible high-speed optical logic. (p. 25)

12:30 PM-200 PM LUNCH BREAK
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WEDNESDAY, JANUARY 14, 1887 — Continued

PROSPECTOR/RUBICON ROOM

200 PM-3:30 PM
WC HIGH-SPEED AND MICROWAVE DEVICES: 1
C. Stolte, Hewlett-Packard, Presider

200 PM  (Invited Paper)

WC1 Mililmeter-Wave integrated Clrcults, B. E. Spieiman,
U.S. Naval Research Laboratory. This paper summarizes
the technical issues, current research focal points, pro-
gress, and trends associated with GaAs and InP based
monolithic millimeter-wave integrated circuit technology.
(p. 30)

230 PM

WC2 Enhanced Performance Uitrabroadband Distributed
Amplifiers, G. Zdasiuk, M. Riaziat, R. LaRue, C. Yuen, S.
Bandy, Varian Research Center. High-gain 2-20-GHz
monolithic GaAs distributed amplifiers utilizing novel cir-
cuit approaches such as cascade-connected FETs and co-
planar waveguide transmission lines are described. Prelim-
inary results on a HEMT-based amplifier are also pre-
sented. (p. 33)

245 PM  (Invited Paper)

WC3 High Performance Quarter-Micron-Gate MODFETs,
John J. Berenz, TRW Electronic Systems Group. This paper
summarizes the latest results obtained with high pertorm-
ance quarter-microngate MODFETs used in rf applica-
tions. Resuits for both AlGaAs/GaAs and AlGaAs/inGaAs
heterostructures are presented and compared. A projection

of future performance achievements is given based on an- -

ticipated improvements in materials and fabrication tech-
nology. (p. 3}

315 PM

WC4 Picosecond Photoconductive Transcelvers, Alfred
P. DeFonzo, Charles Lutz, Madhuri Jarwala, U. Massachu-
setts. We present the results of a study of picosecond elec-
tromagnetic transients generated and detected by photo-
conductivity in ion bombarded SOS, radiated and received
by tapered slot traveling wave antennas. (p. 40)

SIERRA ROOM
3:30-4:00 PM COFFEE BREAK

WEDNESDAY, JANUARY 14, 1987 — Continued

PROSPECTOR/RUBICON ROOM

4:00 PM-5:15 PM
WD CRYOELECTRONICS
S. M. Farls, Hypres, inc., Presider

4:00 PM (Invited Paper)

WD1 Photoconductive Generation of Subpicosecond
Electricai Pulses and their Measurement, D. R. Grischkow-
sky, C.-C. Chi, |. N. Duling I, W. J. Gallagher, N. J. Hafas,
J.-M. Halbout, M. B. Ketchen, {BM T. J. Watson Research
Center. Experimental and theoretical results exploring the
fundamental limits to the generation of ultrashort electrical
pulses via photoconductive switching are discussed.
Measurement applications demonstrating terahertz spec-
troscopy and subpicosecond electronics with the subpico-
second electrical pulses are presented. (p. 44)

4:30 PM  (Invited Paper)

WD2 Progress and Challenges in HEMT LSI Technology,
Masayuki Abe, Takashi Mimura, Kazuo Kondo, Masaaki
Kobayashi, Fujitsu Laboratories, Ltd., Japan. A high elec-
tron mobility transistor is a promising device for ultrahigh
speed LSI/VLSI, especially operating at 77 K. Recent pro-
gress and technical challenges in HEMT LSI technology
are discussed. (p. 46)

5:00 PM

WD3 Picosecond Switching in Josephson Tunnel Junc-
tions, R. Sobolewski, D. R. Dykaar, T. Y. Hsiang. G A
Mourou, U. Rochester. We have developed a superconduct-
ing electrooptic sampler and used it to probe the switching
of a 30 x 30um Josephson tunnel junction. (p. 49)

5:15PM BREAK

SIERRA ROOM

5:30 PM-7:00 PM
WE POSTER SESSION/REFRESHMENTS

WE1 High-Speed High-Repetition-Rate High-Voltage Pho-
toconductive Switching, William R. Donaldson, U Roches
ter. We describe robust silicon photoconductive switche«
which have been operated for several million shots at 1 k.
switching 10 kV in 100 ps without failure. The switches are
characterized to maintain the photoconductive state. (p. 54

WE2 Generation and Forming of Ultrashort High Voltage
Pulses, Hrayr A. Sayadian, S. T. Feng. J. Goldhar. Chi H
Lee, U. Maryland. Picosecond multikilovolt pulses are gen
erated using coaxial, microstrip, and coplanar pulse form
ing networks. A longitudinal Pockels etfect is used to
monitor the ultrashort pulses. (p. 57)

WE3 Graphite as a Picosecond Laser Activated Opening
Switch, E. A. Chauchard, Chi H. Lee, U Maryland: C. Y
Huang, Los Alamos National Laboratory. A. M. Malvezzi,
Harvard U. Highly oriented pyrolytic graphite exhibiting a
high conductivity in the dark and a high resistivity when iI-
luminated by intense laser light was used as an opening
switch. {p. 60)
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WEDNESDAY, JANUARY 14, 1987 — Continued

WE4 Simple Technique to Generate and Gate Microwave
Puises with Plicosecond Speeds, Walter Margulis, KTH,
Sweden; Vytas Grivitskas, Vilnius State U., US.S.R; E.
Adomaitis, 2. Dobrovolskis, A. Krotkus, Lithuanian
Academy of Sciences, U.S.S.R. A simple ultrafast optoelec-
tronic arrangement is described, enabling switching a
number of cycles from a microwave generator, or shaping a
microwave puise with picosecond speed. (p. 63}

WE5 Proposed Quantum-Well Injection Transit Time
Device, Vijay P. Kesan, Dean P. Neikirk, Ben G. Streetman,
U. Texas at Austin. A new transit time device that uses
resonant tunneling through a quantum well is proposed
and analyzed. It permits varying injection phase delays,
with a wide frequency range of operation and low noise
performance. It also promises better output power than
quantum-well oscillators. (p. 66)

WE6 Modulation Efficiency Limited High Frequency Per-
formance of the MODFET, M. C. Foisy, J. C. Huang, P. J.
Tasker, L. F. Eastman, Cornell . Inefficient charge control
is a primary degrading mechanism in high frequency
MODFET operation. Numerical simulations ililuminate the
ramifications of varying each epilayer design parameter. (p.
69)

WE7? Characteristics of Shielded Microstrip Lines on
GaAs-Si at Millimeter-Wave Frequencies, M. [. Aksun, H.
Morkoc, U. lllinois at Urbana-Champaign. GaAs on Si has
attracted a great deal of interest. This is in part due to its
potential use for microwave monolithic integration. Here
we report the first theoretical study of dielectric losses of
this composite material. {p. 72)

WEB Nonequilibium Phonons and Disorder in
Al,Ga,_,As, J. A. Kash, J. C. Tsang, S. S. Jha, IBM T. J.
Watson Research Center. Despite alloy disorder, picosec-
ond Raman measurements show significant nonequilib-
rium phonon effects in Al,Ga, _,As. The virtual crystal ap-
proximation is shown to apply. Implications for heterojunc-
tion devices are considered. (p. 76}

WES Photoconductive Picosecond Microstripline Switch-
es on Seif-implanted Silicon on Sapphire, Penny Polak-
Dingels, Geoffrey Burdge, Laboratory for Physical
Sciences; Chi H. Lee, U. Maryland; Alan Seabaugh, Richard
Brundage, Michael Bell, John Albers, U.S. National Bureau
of Standards. Silicon-on-sapphire switches, damaged by Si
implantation at fluence levels of 10" to 10" cm?, were
characterized by picosecond cross-correlation, Raman and
resistivity measurements. (p. 79)

WE10 Fast GaAs Photoconductive Detectors with High
Sensitivity Integrated in Coplanar Systems onto GaAs Sub-
strates, H. Schumacher, U. Salz, H. Beneking, Aachen U.
Technology, F. R. Germany. An interdigitated photocon-
ductive detector with fingers 1.5 um wide has been de-
veloped for optoelectronic correlation measurements. The
very sensitive device fabricated onto s.i. GaAs and inte-
grated in a coplanar line exhibits switching times of =5 ps.
(p- 82)

vii

WEDNESDAY, JANUARY 14, 1987 — Continued

WE11 Carrier Lifetime vs lon-implantation Dose in Silicon
on Sapphire, F. E. Doany, D. R. Grischkowsky, C.-C. Chi,
18M T. J. Watson Research Center. We present measure-
ments of the carrier lifetime of a systematic series of
silicon-on-sapphire samples over a range of more than 4
orders of magnitude of O ion implantation. (p. 86)

WE12 Picosecond Optoelectronic Switches using Com-
posite Electronic Materials, E. A. Chauchard, Chi H. Lee, U.
Maryland; V. Diadiuk, G. W. Turner, MIT Lincoin Laboratory.
Two composite picosecond optoelectronic switches have
been investigated. GaAs on silicon-on-sapphire exhibits a
20-ps response while InGaAs on InP shows a strong de-

pendence of its response time on bias voltages. (p. 89) St
WE13 Comparison of Sampling Oscllioscopes with e
< 35-ps Transition Durations, James R. Andrews, Picose- Al At
cond Pulse Laboratories, Inc. A 17-ps tunnei diode pulser
was used to measure the transient responses of HP 1430, AL
Tek S4, Tek S6, PSPL S-1430D, and Iwatsu SH-4B sampling
oscilloscopes. (p. 92} X - “
WE14 Wing Suppressed IR Sampling: a Technique, John Sl
Nees, Steve Williamson, U. Rochester. An experiment dem- -:.\;.‘-
onstrating the feasibility of using optical frequency doub- A
ling as a tool for wing suppression in infrared sampling ex- o
periments is described. (p. 95) -.'_\'J LN
- N e
WE15 High-Speed Optical Isolator for Radar Applica- e
tions, J. P. Anthes, P. Garcia, Sandia National Laboratories; T
K. Y. Lau, . Ury, Ortel Corporation. A high-speed unidirec- 'jz"x:
tional electronic coupler/switch that utilizes optoelectronic :.
components is demonstrated. High attenuation of counter Ay

propagating radar signals offers improved radar perform-
ance. (p. 97)

WE16 Energy Variations in Optical Pulses from Gain-
Switched AlGaAs Diode Lasers, R. T. Hawkins, J. H. Goll, N.
A. Anheier, Tektronix, Inc. Optical pulses from gain-switched
AlGaAs diode lasers, measured with a low noise CCD detec-
tor, are reported to have energy variation < 1% rms for pulse
durations <60 ps. (p. 100)




THURSDAY, JANUARY 15, 1987

. e v o

LOWER LOBBY
7:30 AM-1200 M REGISTRATION/SPEAKER CHECK:-IN

g

; SIERRA ROOM compatible with refractory gate MESFET processes.
' (p. 116)

s 7:30 AM-8:00 AM CONTINENTAL BREAKFAST

' 9:30 AM

. PROSPECT/RUBICON ROOM on Fast Photodetectors, T. F. Carruthers, J. F. Weller, U.S.

Naval Research Laboratory. The nonlinear component of
» 8:00 AM-9:45 AM the output of many picosecond photodetectors can be us-
N ThA LASERS AND DETECTORS ed to measure their intrinsic response times without resor-

V. Diadiuk, MIT Lincoin Laboratory, Presider

8:00 AM (Invited Paper)
ThA1 Characteristics, Packaging and Physics of Ultra-
¥ Mgh-Speed Diode Lasers and Detectors, J. E. Bowers, C. A.

THURSDAY, JANUARY 15, 1987 — Continued

9:15 AM

ThAS MESFET Compatible IMSM Detectors, D. L. Rogers,
{BM T. J. Watson Research Center. A new type of inter-
digitated metal-semiconductor-metal detector is described
using a shallow implant to limit surface trapping making it

ThAS Picosecond Optical Autocorrelation Experiments

ting to cross-correlation circuits. (p. 121)

SIERRA ROOM

‘4

X Burrus, AT&T Bell Laboratories. High-speed semiconductor 9:45 AM-10:15 AM  COFFEE BREAK \i
lasers provide an efficient compact means of generating .
A short tunable high power pulses. InGaAsP waveguide pho- .,
todetectors have demonstrated high speed and high effi- PROSPECTOR/RUBICON ROOM NS
: ciency at zero bias. (p. 104) ,‘_'-
: 10:15 AM-12:00 M (b
8:30 AM ThB TRANSIENT TRANSPORT
ThA2 Frequency Chirping in Puise Modulated Gain and J. Frey, Cornell U., Presider
% Reakindex Guided Single Quantum-Well Lasers, A
A Larsson, P. Andersson, Chalmers U. Technology, Sweden; 10:15 AM (Invited Paper)
. Amnon Yariv, California Institute of Technology. We report ThB1 Direct Subpicosecond Measurement of Carrier
. on a small frequency chirp in pulse modulated real-index Mobllity of Photoexcited Electrons in GaAs, Martin C.
y guided single quantum-well lasers and a strong infiuence Nuss, David H. Auston, AT&T Bel/ Laboratories. The carrier
Y of the guiding mechanism. (p. 107) mobility of photoexcited hot electrons is measured directly
: for the first time on a subpicosecond time scale using
; 8:45 AM femtosecond electrical pulses. (p. 126)
ThA3 InP/GainAs/inP PIN Photodiode with FWHM < 18
ps, S. Y. Wang, K. W. Carey, B. H. Kolner, Hewlett-Packard 10:45 AM (invited Paper)
Laboratories. High-speed front-side illuminated InP/ ThB2 Nonstationary Transport in MODFETs and Hetero-
GalnAs/InP PIN 1-1.6um photodetectors have been junction Devices, K. Hess, U. lilinois. New horizons have
tabricated from material grown by atmospheric pressure opened up in semiconductor research with the possibility
organometallic vapor-phase epitaxy. The devices have ex- of band gap engineering and the combination of signal
ternal quantum efficiencies of >85% at 1.3 um and the transport by photons as well as electrons in new forms of
temporal response has a full width half maximum of < 18 ultrathin 1li-V compound layers. We report self-consistent
ps. Dark current density is 6 x 10~ A cm-? at the operating simulations of trangient transport processes in single layer
_ bias of — 4 V. The interface is abrupt to two monolayers at and single quantum-well modulation doped structures. Our
. the InP (substrate)}-GainAs heterojunction and five mono- simulations of picosecond and femtosecond thermaliza-
v layers at the GalnAs/InP p-layer heterojunction. (p. 110) tion after optical excitation are also reported and a com-
parison of our results with the experiments of Knox et al. is
N 9:00 AM given. (p. 129)
ThA4 Picosecond Measurements of Gain Switching in a
" Semiconductor Laser Driven by Ultrashort Electrical 11:15 AM
[, Puises, P. M. Downey, J. E. Bowers, R. S. Tucker, J. M. ThB3 Monte Carlo Investigation of Hot Photoexcited
h Wiesenfeld, AT&T Bell Laboratories. An InGaAsP laser, Electron Relaxation in GaAs, M. A. Osman, M. J. Kann, D.
D biased near threshold, is driven by 17-ps wide electrical K. Ferry, Arizona State U.; P. Lugli, U. Modena, Italy. The re-
pulses. Gain-switched pulses as short as 15-ps FWHM laxation of hot photoexcited electrons is investigated in
' have been observed. (p. 113) GaAs using an ensemble Monte Carlo approach, taki 1g in-
to account both the electron-hole interaction and tha hot
photon effect. Inmediately after excitation by a 588-nm
h laser pulse, a considerabie fraction of electrons transfers
to the upper vallgys instead ot cascading down the central
) valley. (p. 130)
viii
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THURSDAY, JANUARY 15, 1987 — Continued

11:30 AM

ThB4 Longitudinally Localized Optical Carier Injection
for Femtosecond Transport Studies, M. C. Downer, D. H.
Reitze, T. R. Zhang, U. Texas at Austin. A novel technique
for confining optical carrier excitation within a few hundred
angstroms of a semiconductor surface opens new possibil-
ities for observing ballistic, quantum, and other femto-
second transport phenomena. (p. 133)

11:45 AM

ThBS Femtosecond Nonequilibium Electronic Heat
Transport in Thin Gold Films, S. D. Brorson, J. G. Fujimoto,
Erich P. Ippen, Massachusetts institute of Technology.
Using a front pump/back probe technique, we have observ-
ed ultrafast heat transport through thin goid films. Our
results suggest transport occurs via nonequilibrium elec-
trons. (p. 136)

1200 M BREAK

LAKESIDE ROOM
6:00 PM-7:00 PM DINNER

SiERRA ROOM
7:00 PM-7:30 PM  COFFEE/DESSERT

LOWER LOBBY
7:00 PM-9:00 PM SPEAKER CHECK:IN

PROSPECTOR/RUBICON ROOM

7:30 PM-9:00 PM

ThC BALLISTIC TRANSPORT AND RESONANT
TUNNELING

S. Luryl, AT&T Bell Laboratories, Presider

7:30 PM  (Invited Paper)

ThC1  Ballistic Transport in Tunneling Hot Electron Trans-
fer Amplifier Devices, M. Heiblum, /IBM T. J. Watson
Research Center. An unambiguous demonstration of
ballistic (collisionless) electron transport was done in GaAs
with the aid of a THETA device. Consequently, interesting
quantum related phenomena were observed. Ballistic
devices are potentially very fast; current gains as high as
10 have already been measured at 77 K. (p. 140)

THURSDAY, JANUARY 15, 1987 — Continued

8:00 PM (Invited Paper)

ThC2 Microwave- and Millimeter-Wave Resonant Tunnel-
ing Diodes, T. C. L. Gerhard Soliner, Elliott R. Brown, W. D.
Goodhue, MIT Lincoln Laboratory. Several demonstrated
resonant tunneling devices including oscillators, mixers,
multipliers, and a variable negative resistance are discuss-
ed. Techniques of the millimeter/submillimeter regime are
also described. (p. 143)

8:30 PM

ThC3 Quantum Transport Calculation of Resonant
Tunneling Response Time, William R. Frensley, Texas In-
struments, Inc. The transient response of a resonant-
tunneling diode is simulated by calculating the Wigner
distribution. Switching times on the order of 100 fs are ob-
tained. (p. 146)

8:45 PM

ThC4 Resonant Tunneling Electron Spectroscopy, F.
Capasso, S. Sen, A. Y. Cho, A. L. Hutchinson, AT&T Bell
Laboratories. We have demonstrated a new electron spec-
troscopy technique based on resonant tunneling. Direct in-
formation on the hot electron distribution function is ob-
tained from the measured resonant tunneling collector cur-
rent without requiring the use of derivative techniques.
(p. 149)

PROSPECTOR/RUBICON ROOM

9:00 PM
ThD POSTDEADLINE PAPERS
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FRIDAY, JANUARY 16, 1987

LOWER LOBBY
7:30 AM-245 PM REGISTRATION/SPEAKER CHECK-IN

SIERRA ROOM
7:30 AM-8:00 AM CONTINENTAL BREAKFAST

PROSPECTOR/RUBICON ROOM

8:00 AM-9:30 AM
FA QUANTUM-WELL PHYSICS AND DEVICES
C. Weisbuch, Thomson CSF, Presider

800 AM (invited Paper)

FAt H Phenomena in GaAs Quantum Wells, A.
Mysyrowicz, D. Hulin, A. Migus, A. Antonetti, ENSTA,
France; H. M. Gibbs, N. Peyghambarian, U. Arizona; H.
Morkoc, U. lllinois at Urbana. We discuss different optical
phenomena ocurring within a few picoseconds after ir-
radiation of GaAs multiple-quantum-well structures with
femtosecond laser pulses. (p. 156)

8:30 AM (invited Paper)

FA2 Picosecond Carier Transport in GaAs Quantum
Woells, Jagdeep Shah, AT&T Bell Laboratories. | discuss re-
cent experiments in which picosecond optical pulses were
used to Investigate the physics of high field transport in
GaAs quantum wells. (p. 159)

9:00 AM

FA3 Quantum-Confined Stark Etfect in InGaAs/InP Quan-
tum Wells Grown by Metalorganic Chemical Vapor Deposi-
tion, . Bar-Joseph, C. Klingshirn, D. A. B Miller, Daniel S.
Chemla, U. Koren, B. |. Miller, AT&T Bel! Laboratories.
Large shifts of absorption spectrum in InGaAs/InP muitiple
quantum wells with applied electric fields are reported. Ap-
plications for light modulators are discussed. (p. 162)

915 AM

FA4 Dynamics of Below-Gap Photoexcitation in GaAs
Quantum Wells, J. E. Zucker, Daniel S. Chemia, AT&T Bell
Laboratories; A. Von Lehmen, J. P, Heritage, Bel/l Communi-
cations Research, Inc. Time-resolved transmission ex-
periments in GaAs quantum wells show that photoexcita-
tion in the transparent region of the heterostructure can
produce a striking variety of excitonic etffects. (p. 166)

SIERRA ROOM
9:30 AM-10:00 AM COFFEE BREAK

FRIDAY, JANUARY 16, 1987 — Continued

PROSPECTOR/RUBICON ROOM

10:00 AM-11:45 AM
FB OPTICAL MICROWAVE TECHNIQUES
R. Olshansky, GTE Laboratories, Presider

10:00 AM (Invited Paper)

FB1 Radar and EW Applications of Multigigahertz Op-
tical Components and Systems, Henry F. Taylor, Texas
A&M U. Optical techniques for the generation, control,
transmission, and processing of wideband signals in mili-
tary systems are discussed. (p. 170)

10:30 AM (Invited Paper)

FB2 Characteristics and Applications of Wideband
Guided-Wave Devices, C. M. Gee, G. D. Thurmond, H. W.
Yen, Hughes Research Laboratories. Design and fabrica-
tion of wideband and high-speed guided-wave electrooptic
and electroabsorption devices are reviewed. Their applica-
tions in rf fiber-optic links are presented. (p. 173)

11:00 AM

FB3 Optoelectronic cw Microwave Source, C. J. Clark, E.
A. Chauchard, K. Webb, K. Zaki, C. H. Lee, U. Maryland;
Penny Polak-Dingles, Laboratory for Physical Sciences;
H.-L. A. Hung, Ho C. Huang, COMSAT Laboratories. A new
cw microwave source which can be time-synchronized with
laser pulses is described. its phase noise of 3.5ps is at-
tributed primarily to the laser time jitter. (p. 176)

11:15 AM

FB4 Optical Modulation above 20 GHz using a Wave-
guilde Electrooptic Switch, S. K. Korotky, G. Eisenstein, R.
S. Tucker, J. J. Veselka, G. Raybon, AT&T Bell Laboratories.
We report the intensity modulation of an optical carrier at
frequencies above 20 GHz using a Ti:LiNbO, optical wave-
guide switch. A self eiectrooptic sampling technique is us-
ed to observe the modulation. (p. 179)

11:30 AM

FB5 Plcosecond Respunss of an Optically Controlled
Millimeter Wave Phase Shifter, C-K. C. Tzuang, D. Miller,
T.-H. Wang, T. Itoh, D. P. Neikirk, P. Williams, M. Downer, U.
Texas at Austin. The dispersion of a picosecond pulse
propagating along a coplanar waveguide on a semiconduc-
tor substrate is studied. Numerical calculations are used to
predict the puise shape for varying carrier concentrations
in a multilayer AlGaAs/GaAs/AlGaAs structure. (p. 182)

11:45 AM-1:30 PM  LUNCH BREAK
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FRIDAY, JANUARY 16, 1987 — Continued o
2
S '}
PROSPECTOR/RUBICON ROOM Taak
1:30 PM-245 PM vl
FC HIGH-SPEED AND MICROWAVE DEVICES: 2 L,
G. Burdge, Laboratory for Physical Sciences, Presider LA
RS
1:30 PM  (Invited Paper) _ ,‘.-
FC1 Electron Device Probing in the Femtosecond Time L
Scale, Gerard A. Mourou, U. Rochester. Femtosecond op- LAC .
tical techniques have been used to time resolve electrical
waveforms with femtosecond resolution or terrahertz band- Y %y
width. They have been used to study the response of ultra- \.‘;
fast components such as MESFET, MODFET, permeable Loyt
base device Josepheson junction, and normal or supercon- oy (V:.
ducting transmission lines and more recently transient -\',",-
transport in semiconductors such as velocity overshoot l"';-,
and resonant tunneling. Present and future roles of optical {re

techniques in electronics from a device characterization
and physics point of view are discussed. (p. 186)

200 PM

FC2 Electrical Pulse Compression by Traveling-Wave
Photoconductivity, David H. Auston, Martin C. Nuss, P. R.
Smith, AT&T Bell Labaratories. A novel technique is de-
scribed for compressing picosecond electrical pulses by
reflecting them from a moving mirror produced by a travel-
ing wave photoconductor having a velocity close to the
electrical propagation velocity. (p. 188)

Z15 PM

FC3 Picosecond Optoelectronic Study of a Thin Film
Transmission Line Structure, G. Arjavalingam, J.-M.
Halbout, G. V. Kopcsay, M. B. Ketchen, /BM T. J. Watson
Research Center. Using photoconductively generated pico-
second electrical pulses the properties of a transmission
line structure consisting of coupled microstrip lines separ-
ated from a ground plane by a thin insulator iayer are
studied. In addition to the distortion of the transmitted
pulses, the near- and far-end coupled noise are character-
ized with picosecond resolution. (p. 191)

230 PM -
FC4 Silicon Pulse Sharpening Diodes: Switching Kilo- LT
voits in Tens of Picoseconds, M. D. Pocha, J. D. Wiedwald, A
C. G. Dease, M. M. Contreras, Lawrence Livermore National e
Laboratory. Silicon diodes, operating in avalanche second RS
breakdown, are used to generate electrically triggered, -".:
2-3-kV pulses with rise times approaching 60 ps. (p. 194) RSy
T
245 PM CLOSING REMARKS
Federico Capasso, AT&T Bell Laboratories and =5
Hadis Morkoc, U. lllinois at Urbana, AN
Meeting Program Cochairs N
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WEDNESDAY, JANUARY 14, 1987

PROSPECTOR/RUBICON ROOM
8:45 A.M.-9:00 A.M.

OPENING REMARKS

Chi H. Lee, University of Maryland
and
Frederick J. Leonberger, United Technologies
Research Center
Meeting Cochairs
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OPTICAL PROBING OF INTEGRATED CIRCUITS
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R. K. Jain, Amoco Research Center, Presider
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A Non-Contact Picosecond Prober for
Integrated Circuit Testing

J.A. Valdmanis and S.S. Pei
ATET Bell Laboratories, 600 Mountain Ave., Murray Hill, NJ 07974

Electro-optic sampling has been used extensively for the charaterization of
picosecond electronic devices such as photodetectors, transistors, and diodes [1.2]. FFor
the large part, these studies have been with discrete devices coupled to specialized
electro-optic modulators in a hybrid electrode geometry. However, there is great
interest in being able to probe internal points on integrated circuits. Recently. «
specialized embodiment of electro-optic sampling [3] was developed to exploit thc
electro-optic properties of GaAs and perform sampling directly in the substrate of
GaAs integrated circuits. Any internal point of the circuit could be accessed and
individual devices could be monitored in their working environment. However, GaAs
is the only commonly used electronic material that is also electro-optic. The substrate
technique also requires that both surfaces of the integrated circuit be optically polished
and that the sampling laser beam has a photon energy below the band gap of the
substrate material. One would ideally like a non-perturbative means of probing with
high temporal and spatial resolution that is generally applicable to circuits fabricated
on any type of substrate.

We have developed a new electro-optic prober that satisfies many of the ahove
mentioned requirements. We have demonstrated a temporal resolution of ~30 ps and
a spatial resolution of a few microns with sensitivity more than adequate to clearly
resolve logic level changes of less than one volt. The system can be used with any high
repetition rate mode-locked laser throughout the visible and near infra-red wavelength
regimes.

Our system is based on the use of an extremely small electro-otpic probing tip
employed as the modulator in a conventional electro-optic sampling system (see IMig.1).
The probe tip concept relies on the fact that for two dimensional circuits, not all the
electric field lines are contained in the substrate material. Because of the open
structure, there exists a fringing field above the surface of the circuit near the
metalization lines. By merely "dipping” the electro-optic tip into a region of fringing
field, high speed signals can be measured with minimal effect on the circuit
performance. The electric field induces a birefringence change in the tip whici is then
sampled from above by the optical beam. As depicted in Fig. 1, we use a 100 micron
thick piece of lithium tantalate bonded to a short (7mm by 3mm diam.) fused silien
rod for support. The z-axis of the lithium tantalate is in the plane of the tip lace.
The tip is polished as a four sided pyramid with a half angle of 30 degrees and tip size
of 40 microns square. A high reflectance coating is evaporated onto the tip face <o
that the sampling beam beam can be reflected back to the optical system. A 10X
microscope objective is used to both focus the sampling beam onto the tip face and
recollimate the reflected beam. In this geometry we get a spot size of ~5 microns
which determines the spatial resolution of the system.
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Fig. 2. Schematic of the prober sampling

Fig. 1. The electro-optic probe system (not to scale)

A2

REA

The probe tip is situated in the optical sampling system as shown in Fig. 2.
Sampling pulses ~100 fs long are generated by a compensated colliding pulse mode-
locked ring (CPM) laser and are directed into the system via a polarization preserving
single mode optical fiber and 20X microscope objective. The probe tip is mounted
optically between crossed polarizers and below a dichroic beamsplitter in such a way as
to facilitate viewing of tip face from above via a microscope system. Light of a
wavelength different from that of the laser is injected through the beamsplitter, so
that both the circuit and the sampling beam spot can be seen together. Quartz
compensating plates are included between the polarizers to operate the modulator at
one of the “zero-order” quarter wave points. A wollaston analyzer is used to separate
orthogonal polarizations and direct the output to dual differential detectors. The
detector output is then fed to a lock-in amplifier and signal averager.

The modulator, detector, and viewing arrangement are assembled on a small
breadboard which is mounted vertically on a commercial automatic integrated circuit
probe station. Such a station is designed to individually test each circuit at the wafer
level. For conventional electronic testing, a "probe-card" is used which contains of a
ring of fine metal finger probes that contact each circuit’s bonding pads. Electrical
signals are then applied through the fingers in order to test the basic circuit functions
before dicing and bonding. The electro-optic probe system is mounted so the probe tip
can be precisely lowered into position above the wafer and between the probe card
fingers. In this way it enables the integrated circuit to be tested both by the
conventional electronic method and simultaneously at internal points with the electro-
optic probe. No special jigs or wafer preparation are required. Synchronization with
the laser system can be achieved by driving the circuit testing rig with the RF signal
derived from the laser repetition rate.

Our initial test of the system is the measurement of a picosecond electrical pulse
traveling along a planar transmission line. The line is a simple waveguide structure
having a center electrode 20 microns wide separated from broad ground planes on
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either side by 6 micron gaps. Conventional chromium and gold electrodes were
evaporated on a standard semi-insulating GaAs integrated circuit wafer. For this
preliminary experiment the wafer was mounted between 35 GHz SMMA microwave
connectors. The electrical pulse was generated by a 35 GHz GaAs photoconductive
detector triggered by the second beam of the CPM laser. The electrical pulse was
guided to the GaAs transmission line by a short length of flexible miniature coaxial
cable. Relative delay for the sampling system was introduced by a standard motor
driven optical delay line.

Fig. 3. Transmission line waveforms at
a) O mm, b) 3.5 mm, and ¢) 50 mm.
Propagation delays are 34.8 ps from a
to b, and 15.6 ps {from b to c.

Relative Amplitude

Time

Figure 3 shows the waveform measured at three successive points along the
transmission line, 0 mm, 3.5 mm, and 5.0 mm. For these measurements the probe tip
was lowered to within a micron of the surface directly over one of the 6 micron gups
and then translated parallel to the line. A risetime of 30 ps was measured along with a
propagation speed of one third the speed of light in vacuum. The peak signal level was
approximately one volt. By simply translating the probe tip in the plane of the wafer.
it was very easy to characterize the electrical signal at any location. Signals of opposite

polarities were clearly observed in each of the 6 micron gaps as well as the effects of

dispersion and reflection. Similar test measurements have also been performed on
glass and silicon substrates with comparable results.
Current experiments are centered on investigating picosecond signals at internal

nodes of complete operational integrated circuits at the wafer level both in silcon and
GaAs technologies.

[1] J.A. Valdmanis, Subpicosecond electro-optic sampling, Ph.D. dissertation, University of Rochester.
Rochester, NY., Oct. 1983.

[2] J.A. Valdmanis and G.A. Mourou, Subpicosecond electrical sampling: principles and applications,
IEEE J. Quan. Elec., vol. QE-22-1, pp. 69-78, Jan. 1986.

{3] K.J. Weingarten, M.J.W. Rodwell, HK. Heinrich, B.H. Kolner and D M. Bloom. Direct electro-optic
sampling of GaAs integrated circuits, Elect. Lett., vol. 21-17, pp. 765-766, Aug. 1985,
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5 Picosecond Sampling of Integrated Circuits <
) :.;
4 M.J.W. Rodwell, K.J. Weingarten, and D.M. Bloom
. -
,:'I E.L. Ginzton Laboratory, Stanford University Y
& Stanford, CA 94305 N
-
™
“ Introduction ?
GaAs microwave integrated circuits are now being developed for operation at frequencies as high as 40
. GHz, while GaAs digital IC’s have been demonstrated with ring-oscillator propagation delays of 5-10 ps, with o
I\ gate delays of 50-100 ps for larger-scale circuits. Digital IC’s are currently tested only by indirect techniques
1 (multistage propagation delay or cycle times), while microwave circuits are tested only by external scattering -
s parameter measurement; if the circuit does not perform to expectations, the caunse is not easily identified.
" Electrooptic sampling, providing picosecond-resolution measurements of the voltages within the IC, permits o
more detailed circuit evaluation. >
1 Sampling System g ‘
5) .
:" GaAs is electrooptic; the electric fields associated with conductor voltages induce optical birefringence, ::'
) causing a small polanzation change to a probe beam passing through these fields. For the longitudinal '; )
. probing geometry, the change in polarization is proportional to the voltage across the substrate at the test » 5
point [1]. Electrooptic sampling is described in detadl in the literature (2,3]; our system is shown in figure 1. -
: ;
D) ."
r- 1.08 pm, B2 MHz Puise compressor -4
a gy
A Y
82 MHz
)
\
5
A Receiver Photodiode g
: :
:: Figure 1: Electrooptic sampling system. -
: R
v A Nd:YAG laser produces 1.06 um, 100 ps pulses at an 82 MH3z rate. The 3 ps rms timing fluctuations of '5_.
) the laser are reduced to 0.9 ps rms by a feedback system [4], and » fibre-grating pulse compressor shortens e
X the pulses to 2 ps FWHM. The beam passes through a polarizing beamsplitter, two waveplates, and the IC -]
substrate, and is focused to a 3 ym spot on the probed conductor {backside probing), or to a 10 um spot on N
1\ the ground plane adjacant to the probed conductor (frontside probing). The light is reflected, recollimated -
by the focusing lens, and directed through the polarizer onto a photodiode connected to a receiver. The P
external signal generator is tuned to an exact harmonic of the laser pulse repetition frequeancy, plus a small
offset §f; the sampler then mape out the circuit waveform at this rate §f. The microwave excitation is -1
i modvlated to allow synchronous detection at a high frequency, enhancing the system sensitivity. e
o
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Bandwidth and Noise Considerations

Several components influence the system’s bandwidth and sensitivity; among these are the pulse compres-
sor, the timing stabilizer, and the modulator/receiver combination. Timing jitter influences both bandwidth
and sensitivity; the impulse response of the sampling system is the convolution of the optical pulse with
the probability distribution of its arrival time (neglecting optical transit time), while those fourier compo-
nents of the jitter lying within the integration bandwidth of the receiver introduce noise proportional to the
time derivative of the measured waveform. Stabilization of the laser timing is thus imperative for low-noise
measurement of high-{requency signals.

To accurately measure the shape of circunit waveforms, the impulse response of the system must be of
short duration and free of "wings” (long-duration substructure). By using 1 km fiber in the compressor,
significant group velocity dispersion is introduced, producing a more linear frequency chirp; the resulting
compressed pulses are of 2 ps duration (fig 2) and are free of wings (5], and thus the pulse’s spectrum is flat
to 100 GHz (fig. 3).

6 [rrrrTTTTTTTTT T
: -
S F P o
° L ] e
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a3k 2.1 ps FWHM 3 &
E i 3
< 1 .
2k 3 g
o ] s
1 F 3 2
w
3 3 ¢
L 3
e ] J
=30 -20 -10 ] 10 20 k1] 10 30 100 300 1000
ps March 1986 FREQUENCY, GHz
Figure 2: Compressed pulse antocorrelation. Figure 3: Pulse Fourier spectrum.

The pulse compressor generates excess noise due to Raman scattering. In contrast to shorter fibers, with
the 1 km fiber we attain 50X compression at power levels (350 mW from fiber) below the Raman threshold.
This occurs because self-phase-modulation occurs over the entire length of the fiber while the interaction
length for stimulated Raman scattering is set dispersion-induced walkoff distance between the input and
Raman-shifted wavelengths. The Raman threshold is further increased from 400 to 700 mW (1.06 um power
exiting fiber) by trimming the fiber length, avoiding a fiber round-trip transit time equal to a multiple of the
Nd:YAG pulse repetition period, as this results in a parasitic fiber-Raman laser [6]. In addition to Raman
scattering, the compressor generates broadband polarization noise, possibly arising from gunided acoustic
wave Brillioun scattering. Given correct adjustment of the compressor, its output intensity varies only tq
second order in the fiber polarization state; polarization drift in the fiber then results in first-order variations
of intensity with polarization, and thus excess noise. An interim solution has been thermal stabilization of
the fiber to suppress polarization drift.

Given adequate suppression of phase noise, Raman scattering, and polarization noise, the remaining noise
is shot noise and laser low-frequency amplitude noise. To suppress the laser amplitude noise, we chop the
input signal to the IC at 10 MHz, translating the measurement to a frequency above the laser 1/f noise corner
frequency, where it is detected by a narrowband 10 MHz receiver; the resulting shot-noise-limited sensitivity
is sufficient to acquire low-noise measurements at scan rates of 10-100 Hz. For sequential digital circuits,
which will not operate correctly with chopped excitation, we use a small-deviation 10 MHz phase modulator;
the received signal, proportional to the derivative of the sampled waveform, is integrated in software [7].

Circuit Applications

The sampler can be configured to emulate either a sampling oscilloscope, for waveform measurements, or
a network analyzer, for transfer function measurements. Signal timing, risetimes, and propagation delays on
a number of digital circuits have been measured {1,7). On an 8-bit multiplexer, signals on interconnects as
narrow as 2 um were measured, including the serial output of the MUX and the timing of the 8-phase clock.
A test structure consisting of a string of 20 buffered-FET-logic inverters was probed, permitting measurement
of delays between inverters and between the FET's internal to individaal inverters. The system has been
applied to the extensive characterization of microwave amplifiers (8], including small-signal internal transfer
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functions (fig. 4), and large-signal saturation behavior (fig. 5). In the network analyzer mode, measurements
of tmﬁmjuion ine standing wave ratio and field distribution have been made at frequencies as high as 40
GHz [9).
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Figure 4: Small-signal gate voltages vs. fre- Figure 5: Saturation waveforms at drains 4
quency in a 5-FET 2-18 GHz distributed am- and 5 of the distributed amplifier at 10 GHz
plifier. and 1 dB gain compression
Conclusions

With an 80 GHz bandwidth, a 3 um spatial resolution, and a noise floor of 300 uV (1 Hz), the electrooptic
sampling system is suitable for characterization of ultrafast digital and millimeter-wave analog GaAs IC's.
With improvements in the optical pulse generation, the bandwidth can be extended past the millimeter-wave
range (30-300 GHz); {uture use of this system will concentrate on the study of new picosecond/millimeter-
wave GaAs structures and devices.
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PICOSECOND ELECTRICAL PULSES FOR
VLS| ELECTRONICS CHARACTERIZATION.

J-M. Halbout, P.G. May, M.B. Ketchen, G.P. Li, C.C. Chi,
M. Scheuermann and M. Smyth.

IBM Watson Research Center, Yorktown Heights, NY 10598.

Opto-electronics techniques allow us to take full advantage of the
subpicosecond laser technology to generate and characterize picosecond
electrical pulses.(1) These pulses have frequency components extending
into the terahertz region and are ideally suited to the characterization
of ultrafast transistors. Because of the intrinsic nonlinearities in the
response of a fast switching transistor, it is most desirable to study the
device directly in the time domain and to characterize it in an electrical
environment as close as possible to its working environment. Further-
more, it is most urgent to characterize the very environment where these
ultrafast signals are generated and must propagate, i.e. transmission
lines with micron design rules fabricated on materials compatible with
tomorrow’'s semiconductor technology.

In this presentation, we describe the technology employed to generate
and measure picosecond electrical pulses. The fabrication of
photoconductive switches used as pilse generators and samplers is re-
viewed. Excellent results obtained with polysilicon as the photoconducting
material show the possibility of full integration of this technology with
either bipolar or MOS silicon devices for in situ characterization.

The laser source in our experiments is a pulse compressed, frequency
doubled Nd-YAG laser which gives very reliably pulses of autocorrelated
width 2 ps and average power in excess of 350 mwW at 532 nm.

With these optical pulses, we generate photoconductively picosecond
electrical pulses of 2 psec width, limited by the laser pulse.(2) We study
the propagation of these very fast pulses on coplanar transmission lines
of dimensions compatible with microelectronics applications. It is exper-
imentally proven that the small dimensions of these transmission lines (1
to 2 um lines separated by 2 to 4 um) are essential for preserving the
integrity of high speed signals. Measurements on structures fabricated
on diverse substrates of different conductivity show dispersion compatible
with VLS| applications, even for such very high speed signals.

Moreover, we show that pulses as short as 2 psec and a few hundred
millivolts can be generated and propagated through tapers in these
transmission lines as well as through short sections of wire bonds, up
to 1 mm in length. This is most important for the use of these techniques
in device characterization, and it emphasizes that, with a little care, very
fast signals can be sent onto or out of a chip, thereby putting stringent
requirements on packaging parts.
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.i ':l‘
"’. We also have implemented a measurement technique for high speed .:'
& true differential sampling of waveforms on coplanar transmission lines.(3) Ry
' It is an extension to the detection of signals of the "sliding contact” mode -
' of excitation which has the advantage of a very balanced excitation of .
) the line. We have shown experimentally in cross-talk measurements the N
: importance of a true differential sampling, as provided by this "sliding oy
: contact” technique. These results are depicted in fig. 1 where the signals K
recovered by the two sampling techniques are displayed. For both cases, O
: the bottom line is excited and we want to characterize the waveform : :
y coupled onto the top line. We see that, whereas the side-gap sampling Yy
gives us a measure of the "common-mode” coupled onto the line, the
"sliding contact” measurement selects the "differential mode" between the N
two lines forming the transmission line. These results were confirmed T:::
by modelling these situations with a transient circuit analysis program _’
(ASTAP).(4) This simple technique alleviates the need for predesigned NS
sampling gaps along the line and makes the photoconductive measurement o
technique most attractive. B,
s
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Electro-Optic Sampling of High-Speed, InP-Based
Integrated Circuits

J. M. Wiesenfeld, R. S. Tucker, A. Antreasyan,*
C. A. Burrus, and A. J. Taylor**

AT&T Bell Laboratories
Crawford Hill Laboratory
Holmdel, N.J. 07733

We report the application of electro-optic sampling[1-3] to measurements of waveforms
internal to a high-speed InP integrated circuit. This is possible because InP is an electro-optic
material with electro-optic coefficient comparable to that of GaAs. Waveforms and
propagation delays through a two stage InGaAs/InP metal-insulator-semiconductor FET
(MISFET) inverter circuit[4,5] have been measured. The observed propagation delay through
an individual FET is 21+7 ps. The measurement uses an electro-optic sampling system bascd
on a 1.3 um InGaAsP injection laser{3] that is gain-switched. This work extends to InP-based
circuits previously developed techmniques for non-invasive sampling using the clectro-optic
effect in GaAs[2).

The experimental arrangement is shown in Fig. 1. Two microwave frequency
synthesizers are phase-locked and offset in frequency by an amount Af. One synthesizer
drives the integrated circuit, and the other is used to gain-switch an InGaAsP double-channcl
planar buried heterostructure (DCPBH) laser. The 1.3 um radiation from this laser is below

MICROWAVE MICROWAVE
SYNTHESIZER SYNTHESIZER

CLOCK IN

InGoAsP
INJECTION
L.ASER

ISOLATOR

[
L |

Qwe

TRIGGER

RECEIVER

Yin

Figure 1: Experimental schematic. QWP is a quarter-wave plate.

* ATA&T Bell Laboratories, Murray Hill, N. J. 07974
** Present address: Los Alamoa National Laboratory, Los Alamos, N. M. 87545
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\ the bandgap of InP. For these expernnents. the test frequency [, is varied between | and 5 o
GHz, and the DCPBH lascer produces pulses of duration 15 - 20 ps. The beam from the .
injection laser is made circularly polarized, impinges from the back side of the InP chip, and
1s reflected from the active side of the chip. The back side of the chip is chemically polished P
to reduce scattering. The polarization of the optical bcam is changed by the longitudinal -
clectro-optic effect in InP, and the change in polarization. which is proportional to the electric ,-:
field at the sampling point, is mecasurcd by a scnsitive optical receiver placed after the I:.
analyzer. Since the laser and the circuit are driven at Irequencies offset by Af, the laser a
pulses sample the waveform on the circuit at this rate. The offset frequency was chosen to be ,
4 kHz. A "real time" reconstruction of the sampled wuveform is displaved on an oscilloscope ;‘
) triggered at the offsct frequency A/, using a signal generated by a microwave mixer. This -3
. trigger arrangement permits mecasurcment of absolute propogation delavs between various ‘J'_-.
. points in the circuit. The timing resolution ol the samphing system is limited by the 15 - 20 ps 0
; optical pulsewidth from the gain-switched laser. However. it is possible to measure peak g

positions of pulses, and hence pulse propagation delays, to within 10 ps. The ohmic contacts
in the present circuit scatter the reflected light, and reduce the voltage sensitivty of the "
present experiment to 20 mV /v Hz | .

The circuit used in the present experiments 1s an InGaAs ‘InP enhancement mode .

MISFET two-stage inverter[S]. with the drain of the first FET connccted to the gate of the W

sccond FET. The MISFETs have integrated 500 §2 load resistors. The bias voltage was 1.5 V.

We sample at the input (gate) of the first FET, the output (drain) of the first FET, and the =

o output of the sccond FET. o

The first mecasurements we report used a 5 GHz sinusoidal input waveform of ~
amplitude 1.5 V p-p with a dc offset of 1 V. The input and output waveforms of the first stage .
arc shown in Fig. 2. The waveform at the output is inverted and shows approximately 20 ps C
delay with respect to the input. The voltage swing at the output (0.8 V) is close 1o the

maximum possible swing for this device with a 1.5 V bias voltage. e
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0 For measurement of pulse propagation delay:, a comb generator which produces 2 V, :
43 ps FWHM pulses[3] is inserted between the frequency synthesizer and the input of the first
stage of the InP circuit. Fig. 3 shows waveforms for the pulse input from the comb generator. -
;: The upper curve is the input to the first FET, the middle curve is the output of the first FET, A~
. and the lower curve is the output of the second FET. No significant broadcning of the pulsc ~
}: occurs in the MISFETs, but there is significant propagation delay in each stage. From this; E
g measurement we determine the propagation delay time through each MISFET to be 21+7 ps. ;_
) The negative voltage swings at the output of the sccond inverter, just before and after the 3
main pulse, may be due to capacitive coupling.
. )
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u e
1 Figure 3: Measured waveforms for the comb generator. Traces are input to the first FET (top). .
¥ output of the first FET (middle). and ouptut of the second FET (bottom). Horizontal scale is 50 W
': ps/div. Vertical scale is 0.8V /div (top), 0.08 V /div (middle) and 0.04 V /div { bottom ). -
In summary, we have extended the application of non-invasive characterization of .
integrated circuits by electro-optic sampling to InP-based circuits. We have measured
| waveforms internal to an InGaAs/InP MISFET inverter circuit, and have measured ~J
: propagation delays through individual MISFETs. .
4 -
N References ':.
0 ) -
.g 1. J. A. Valdmanis and G. Mourou, IEEE J. Quant. Electron., QE-22. 69 (1986). o,
2. B. H. Kolner and D. M. Bloom, IEEE J. Quant. Electron., QE-22. 79 (1986). )
: 3. A. ). Taylor, J. M. Wiesenfeld, G. Eisenstein, R, S. Tucker, J. R. Talman, and U. Koren, f
~ Electron. Lett., 22, 61 (1986). }
i 4. A. Antreasyan, P. A. Garbinski, V. D. Mattera, and H. Temkin, Appl. Phys. Lett, to be :;:
' published, Sept. 1, 1986. '

5. A. Anteasyan, P. A. Garbinski, V. D. Mattcra, N. J. Shah, and H. Temkin, Electron. Lett.,
to be published.

»
L]

Y XYEEES

14

" .'"." l."r‘ 'l. 'u‘ ‘-

.
s

- . . — L te
RS '.'_*.',\‘_\\"\‘ SN N '_
... \- \. N \ &
& !‘ J L d

AT



: ';:
: =4
" :
A
WEDNESDAY, JANUARY 14, 1987
i 3

PROSPECTOR/ RUBICON ROOM s
: 11:00 A.M.-12:30 P.M. ;

r
1‘:,1.".)

WB1-4

SER s
AR}

i HIGH-SPEED LOGIC

" David H. Auston, AT&T Bell Laboratories, Presider :
5
33

ot
-

SavL A el
2L

(
P R IR I P

’W"cfn..'. , .... o




¥ i g = ¢
% :
N -
WB1-1 =
Molecular Beam Epitaxy (MBE) for High Speed Devices .‘;
A.Y.Cho 3':’.
AT&T Bell Laboratories o
Murray Hill, New Jersey 07974 4
X -
X E‘
f Recent development in molecular beam epitaxy (MBE)!) is to broaden the scope of the technology to
oo cover a wider range of materials from semiconductors to metals ard insulators. For I1I-V compounds, f_ .
:j gas source molecular beam epitaxy (GS MBE, MO MBE or CBE) is used to grow compounds
‘_ containing phosphorous(®® . Precisely controlled electron-gun evaporation is used for Si-MBE(" and ,
> metal-MBE'® . Fast loading of Hg source is used for II-VI compounds®. The impact of MBE does 3
, not only contribute to new discoveries in quantum physics(!®?) but also to technology for generating :'.:
a whole new generation of microwave(*? and optical®® devices. The capability of MBE to engineer N
¢ the band structure by superlattices and spatially varying the composition of semiconductors to create :
.f: a specific gradient at the conduction and valence band edge or to accurately and abruptly control the :
layer growth to atomic dimensions pushes the frontier of devices to the ultimate imagination of device .ﬁ
\: physicists and engineers. E
.: ] The main concerns of MBE for production are large-area uniformity, defect levels, and through-put. :'5_
= MBE has made major advances in all three areas in recent years. For uniformity, variation in )
‘ thickness of less than 1% over a 3-inch GaAs wafer has been achieved(!*). Oval defects as low as 100 :z
J cm~2 (Ref. 15), and multi-wafer deposition or automated wafer handling up to three 3-nch wafers or ~
w seven 2-inch wafers were reported(1®). E
0 High purity GaAs with Hall mobility of 163,000 cm?/vs at 77 K with a peak value as high as 216,000 N
:', cm?/vs at 46 K has been achieved!”). Interface smoothness to one atomic layer is accomplished by N
N interrupted growth or periodic high substrate temperature pulses between the heterostructures(!8-1). N
‘: The precision in switching from one compound to another upon the completion of a full atomic layer <
(phasedocked epitaxy) may be monitored by reflection high energy electron diffraction (RHEED) ;
;h intensity oscillation(®). \
E?: High speed devices require size reduction in lateral and vertical dimensions. The effect of lateral '.;
-';' variation, such as the gate-dength of an FET on speed of operation, has been investigated®!!. A ‘
. record propagation delay time of 5.8 ps/gate was measured for a 0.35 um gate 19-stage ring oscillator '
: at 77 K, with a power of 1.76 mw/gate, and a bias voltage of 0.88 V. The maximum switching speed :-;
] at room temperature was 102 ps/gate with 1.03 mw/gate and 0.8 V bias voltage!?!. Y

Low noise GaAs/AlGaAs modulation doped FET's with 025 um gate length were operated over 40
GHz with 2.1 dB noise figure and 7dB associated gain{®*. More recently,

Ing 5Gagsg As [ Alg 5 Gages As pseudomorphic modulation doped FET's with 025 um length gates were
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operated at 62 GHz with a noise figure of 2.4 dB and an associated gain of 4.4 dB®). Large lattice
mismatched strained (/nAs)(GaAs),, superlattice has been grown with MBE®¥. A proposal was
made for a high-speed Ings3AloasAs /Ings3Gagar As modulation doped FET with a (InAs),, (GaAs),,
superlattice channel with m < 4 where the electrons in the active channel do not suffer any alloy

scattering and thus result in an increase in mobility of about an order of magnitude at 77 K(25:20),

Monolithic integration of GaAs/AlGaAs MODFET’s and N-metal-oxide-semiconductor (N-MOS)
silicon circuits was reported earlier®”. Fully monolithic integration of interconnected GaAs/AlGaAs
double-heterostructure light emitting diodes (LED’s) and Si MOSFET's is demonstrated for the first
time(?®). The GaAs/AlGaAs layers were grown on a Si substrate with MBE. LED modulation rates up
to 27 mb/s have been achieved by applying a stream of voltage pulses to the MOSFET gate. The
modulation rate is limited by the speed of the MOSFET for this preliminary demonstration. GaAs on
Si substrates opened a new direction of development where Si VLSI circuits can be complemented by

ITI-V optoelectronic components and high-speed electronic circuits.

The most significant development in telecommunications in recent years has been the evolution
toward digital transmission and switching. Optical communications promises high capacity and high
reliability because of its immunity to the electromagnetic radiation effects. As the capacity increases
and the speed of lightwave transmission begins to exceed the processing capability of the fastest
electronic circuits, we need a device technology capable of switching and processing lightwave signals
in their photonic form. A recent development is to use a superlattice structure or multi-quantum well
device. Bistability can be observed with 18 nW of incident power or with 30 ns switching time at 1.6
mW with a reciprocal relation between switching power and speed®®. Electroabsorption in an
InGaAs/GaAs strainedHdayer muitiple quantum well structure has been observed®®. The novel
quantum-confined stark effect modulator with 6.4% transmission modulation was obtained at 0.95 um

with 2 V reverse bias®®?,

New avalanche multiplication phenomencn in quantum well superlattices®®!), ultra sensitive
photodetectors with effective mass filter’®® and novel transistors with resonant tunneling!®*-2¢) have

opened new directions in device fabrication.
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& Multigigahertz Logic Based on InP-MISFET's Exhibiting n,
g Extremely High Transconductance Py
“ A. Antreasyan :
:" P. A. Garbinski -
: - V. D. Mattera, Jr. ph
' H. Temkin r
W, ,
" AT&T Bell Laboratories .
K Murray Hill, NJ 07974 i
¥ (201) 582-5106 o
e InP metal-insulatorsemiconductor field-effect transistors (MISFET) offer significant potential -
in high-speed digital circuits’ and high<frequency power devices?. This is due to the high :.'
saturation velocity and mobility of electrons in InP. In addition, metalsemiconductor field-
- effect transistors cannot be realized on Gag47/nos3As as a result of the low Schottky barrier. N
> The fabrication of InP MISFET’s has turned out to be difficult in the past® due to the ~
.{ formation of surface defects at the dielectric-semiconductor interface. In this paper we report :::
o a novel, highspeed, ultra high transconductance Gagq47/nos3As/InP MISFET. The devices "
¥ exhibit a propagation delay of 25 ps/stage and extrinsic dc transconductances as high as 320 "
) mS/mm for a gate length of 1 um. These are to our knowledge the highest transconductance i
and the lowest propagation delay measured with an FET on an InP substrate. High-speed 3
{1 digital circuits based on these MISFET's are capable of operating at 5 GHz. o
“
'4' A cross-ssectional view of the MISFET structure is shown in Fig. 1(a) (not to scale). The ~
L= epitaxial layers for this structure consist of an undoped InP buffer layer, an undoped j ﬁ
~ GagayIngsaAs layer, an n-type GalnAs layer (5x10'7cm~2) and an n*—GalnAs (10'¥cm™2) v
. contact layer grown by chloride vapor phase epitaxy on semi-insulating InP substrate. The R
. undoped layers are characterized by an extremely low impurity level of n~5x10cm=3, The '
o MISFET's are fabricated by etching mesa structures on the substrate. After the definition of »
0 the source-drain metallization through lift-off, grooves are etched between source and drain ]:;
" contacts through a photoresist mask utilizing a selective etchant until the InP buffer layer is -
) exposed. Subsequently, a 500 A thick layer of Si0;, and gate metals are deposited in an g
electron beam evaporator and the gate is defined by lift-off. Figure 2 shows the drainsource
j I-V characteristic of a MISFET at room temperature having a transconductance of 80 mS for a -
ot gate length of 1 um and a gate width of 250 um, corresponding to a g,, of 320 mS/mm. =
:; For these MISFET’s we have measured saturation drift velocities as high as 3x107cm/s and =
channel mobilities of 2800 cm?/Vs. Two important features of the MISFET structure need to
- be emphasized. First, an undoped GalnAs layer is grown between the highly doped n-GalnAs .
Q layer and the undoped InP buffer layer to prevent dopant back-diffusion into the undoped InP -
& layer. Gate etching can be then performed utilizing a non-critical selective etchant. Second, -
the gate dielectric is deposited in an electron beam evaporator with a process that we believe :
5: results in a significant reduction of surface defects. In fact, we have obtained extremely low A
':' gate-to-source leakage currents of 10~ A for a gate voltage of 1.5 volts. Excellent switching -
’\, properties of these transistors have allowed us to prepare monolithically integrated inverters, wd
' each consisting of three MISFET’s and three integrated resistors as illustrated in Fig. 3. Such _’
3 inverters are basic building blocks of digital circuits. A cross-sectional view of a MISFET and -
an integrated resistor structure is illustrated in Fig. 1(b). The etching process of load resistors T
~ is monitored to obtain load resistances of about 500 ohms. Figure 4 shows a typical o
:: characteristic for a two-stage inverter where the inverter output is plotted as a function of gate :
; voltage, the bias voltage being a parameter. It can be deduced from Fig. 4 that the inverters o
provide sufficiently high noise margins of 200 mV at a bias of 1.6 volts. Measurements by
- electro-optic sampling! reveal the capability of these inverters to operate at frequencies of 5 4
GHz, and having a propagation delay as small as 25 ps/stage at room temperature. 4
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The achievement of the highest transconductance ever measured with an FET made on InP
substrate, demonstration of 5 GHz logic, and a propagation delay of 25 ps/stage as well as
excellent inverter characteristics make this InP MISFET suitable for high speed electronics on
InP.

1. L.J. Messick, IEEE Trans. Electron Devices, ED-31, 763 (1984).

2. T.Itoh, and K. Ohata, IEEE Trans. Electron Devices, ED-30, 811 (1983).

3. K. P. Pande, and D. Gutierrez, Appl. Phys. Lett. 46,416 (1985).

4. A.J. Taylor, J. M. Wiesenfield, G. Eisenstein, R. S. Tucker, J. R. Talman, and U. Koren,
Electron. Lett. 22,61 (1986).
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Figure 2 Drainsource 1-V characteristic of a MISFET at room temperature having a gate
length and gate width of 1 um and 250 um, respectively. Vertical scale is 10

mA /div, horizontal scale is 200 mV /div, gate voltage is increased in steps of 200
mVv.
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Figure 3 Top view of a monolithicallv integrated inverter circuit, consisting of 3
MISFET's and 3 resistors.
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7 Figure 4 A plot of voltage transfer characteristics for an inverter whose output is linked to
¥ the gate of a second MISFET. Two separate traces are obtained by plotting Voyr

vs. Vix and repeating the plot after interchanging the axis. Both horizontal and
: vertical axis extend linearly from 0 volt to 2.0 volts, while Vpp is a parameter
h- varying from 0 to 1.6 volts in steps of 0.4 volt. V¢ is connected to ground.
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An Optically Strobed Sample and Hold Circuit™

Chuck McConaghy
Lawrence Livermore National Laboratory
7000 East Avenue
Livermore, California 94550

Introduction

Radiation damaged photoconductors have been shown to be usefu devices for sampling repetitve
electrical signals with time resolution to less than a PicoSecond1»¢. However, the sampling of
low repetition rate or single shot events with these photoconductors has not been possible due to
the need for lock in detection methods to observe the sampled signal. In this paper, a radiation
damaged photoconductor serves as the sampling element in a sample and hold circuit. It has been
possible to sample single shot electrical signals with about a 10 picosecond aperture time. Once
sampled the signal can be held for about 1 microsecond by an on-chip holding amplifier.

Circuit Description

The circuit shown in Figure 1 was fabricated in Lec GaAs. The circuit consists of a 50 chm
microstrip transmission line which propagates the fast electrical signal onto and back off of the
chip. Two sets of 25 micron gap photoconductors border the main microstrip transmission line.
Photoconductor 1 is connected to the input of a MesFet Source Follower with an active load. The
dimensions of the Mesfets in the amplifier are 1 um gate lengths with 30 um width for the source
follower and 10 um width for the active load. The input of the source follower has an additional
.3 pf polyimide storage capacitor which can be bonded into use. It turned out that parisitic
capacitance was enough to give a hold time of 1 microsecond, so this capacitor was not utilized.
Photoconductor 3 and 4 were for electrical autocorrelation testing of the basic photoconductor
response times. Photoconductor 2 is not radiation damaged and can be utilized as an optically
strobed stc{) 5genc rator. The radiation damaging was accomplished with 200 Kev protons at a
dose of 10°~/cm.“ A thick (3 microns) layer of photoresist was utilized to protect the undamaged
switch as well as the MesFets during the proton implant. The radiation damaged photoconductors
were independently measured by electrical autocorrelation to have a 1/e time of 10 picoseconds
including the effect of the finite 5 picosecond wide laser pulse.

Circuit Performance

The experimental setup is shown in Figure 2. The Laser utilized as the strobe generator is a mode
locked Nd:Yag laser which has been pulse compressed to provide 5 PicoSecond 1.06 um pulses.
One of these pulses is switched out of the continuous train by a Pockel cell at a maximum rate of
10 per second. The pulse is then frequency doubled to 532 nm and focussed onto the Z° 1m
sample gap with a 5X microscope objective. The energy in the laser pulse at the gap is about 1
nanoJoule. The electrical test pulse was generated with an Avtech AVM-C pulse generator that
was synchronized to the Laser pulse. The timing between the optical strobe pulse and the
clectrical test pulse was variable by means of a voltage controlled delay generator. This allowed

the single sample and hold circuit to sample through an entire waveform rather than just one point
on the waveform.

* This work performed under the auspices of the U.S. Department of Energy by Lawrence
Livermore National Laboratory under contract No. W-7405-Eng-48.
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Prior to radiation damaging, the circuit had a sensitivity of 270 mv/Volt of input signal. After
radiation damaging the circuit had a sensitivity of 2.7 mv/Volt of input signal. Although the
output level is quite low for input signals in the volt range , the circuit is quite useable if care is
taken in processing the output. For the data presented in Figure 3, the output of the GaAs circuit
was resampled with a slower(10 Ns aperture) sampler and held for at least 100 milliseconds
which was the interpulse time of the laser set by the Pockel cell.

Figure 3a shows a series of about 50 single shots at a rate of 10/second with about 80
picoseconds time shift of the input waveform per shot (400 ps/division). The data is not
averaged and the noise in the waveform is primarily due to laser amplitude fluctuation from shot
to shot. In addition to laser amplitude variation there was a significant amount of jitter between
the electrical pulse and optical pulse due to the requirement for tens of nanoseconds in the internal
delays in the pulse generator and electronic delay. Figure 3b shows an expanded view of the
electrical pulse rise time at 160 ps/division. Figure 3b has been slightly averaged by a factor of 5
to enhance the signal to noise. Figure 3c shows the same rise time displayed on a Tektronix S4
sampling head. The electrical pulse was rep rated at about 100 khz for the picture in 3c.

Conclusions

An optically strobed sample and hold has been fabricated and utilized to sample a 200 picosecond
nisetime electrical signal in a single shot manner. The ultimate response time of the circuit may be
as fast as 10 picoseconds. Present testing has been limited by the available electical test signal.

1. P.M. Downey,"Subpicosecond Response Times From Ion Bombarded InP,” Picosecond
Elect. and Optoelect. Conference,Incline Village,1985

2.R.B. Hammond,N.G. Paulter,R.S. Wagner,Appl. Phys.Lett.45(3),1 Aug 1984

R 5 ps 1.06 um Pockel Frequency
. . ‘ laser Cell Doubler
MESFET AMP 532 nm
Avtech GaAs
Delay Pulser S/ Circuit
PC3 PC1

50 OHM MICROSTRIP

pC4 . pc2 —qi oy

X-Y Display
N
Figure 1: GaAs Optical Strobed Figure 2: Experimental Setup
Sample and Hold circuit
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on a Tek S4 sampling head.

(200ps/div and .5v/div)
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Figure 3C: Same rising edge as 3B
but recorded ata 100kHz rep rat
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‘ HIGH-SPEED OPTICAL LOGIC USING GaAs .
: -':‘
' H. M. Gibbs,! N. Peyghambarian,' Y. H. Lee,! J.L. Jewell? :::(
) A. Migus.® A. Aantonetti,* D. Hulin,* and A. Mysyrowicz* =]
" 'Optical Sciences Center, University of Arizona, Tucson, Arizona 85721; 2AT&T f:!'\
b Bell Laboratories, Holmdel, NJ 07733; SLaboratoire d'Optique Applique, Ecole -
Y Polytechnique-ENSTA, F-91120 Palaiseau, France; ‘Groupe de Physique des Sol- :-; N
ides, Ecole Normale Supérieure, 2 Place Jussieu - Tour 13, F-75005 Paris, A
D France" ]
- t.,‘.
D e
N The status of bulk-GaAs etalons and their application to high-speed optical =]
y logic will be summarized. Several characteristics are of particular importance: '—C::
] time to make a logic decision ("switch-on time"), time required for the device to ,_
recover and be ready to make the next decision (recovery time), energy required ROK
- per logic decision (switching energy), ability to switch the next device (cascada- L
bility) or perhaps several devices (fanout), etc. f:-‘;_
: Recently, research has centered on the use of a nonlinear etalon as a logic -;
b gate with the inputs at a wavelength having good absorption leading to index -1
i changes at a second probe wavelength.! With an appropriate initial detuning ¢
between the Fabry-Perot transmission peak and the probe wavelength, each of .
the logic operations can be performed. Several logic gates have been demon-
3', strated using a high-finesse etalon containing GaAs-AlGaAs multiple quantum ‘.}:
N wells at room temperature.? Input pulses with energies less than 3 pJ focused to
5 to 10 um on the device produced contrasts greater than 5:1 in the NOR gate. Ny
A recovery ume of 5 ns permitted 82-MHz continuous operation. Thermal sta- -7
bility was demonstrated in the NOR gate even though the device was poorly
X heat sunk. And the NOR gate has been operated using diode laser sources.’ A
N hy
ﬂ Because the physical mechanisms leading to refractive index changes are ™
X extremely rapid, one expects a very short switch-on time. A Fabry-Perot peak 4
was shifted in ] to 3 ps; the etalon consisted of alternating layers of 152-A !
GaAs and 104-A AlGaAs with a total GaAs thickness of =1.5um.* Less than .
\ 100 fJ/um? energy per unit area incident on the device was used for the logic -3
9 operation. o3
‘. -
;. The recovery times of the first GaAs gates were typically 5 to 10 ns, deter- ;'_-.
! mined by the lifetime of the carriers in the light beam. The recovery time was PN
greatly reduced by enhancing surface recombination by removing one or both of ‘
the AlGaAs windows used to stop chemical etching and reduce surface recombi- N
nation. A 1.5-pm-thick bulk-GaAs etalon without the top AlGaAs window and :,,‘
N
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etched to form a 2 D array of 9um x 9um pixels with 20 um center-to-cenler
spacing was shown to have a recovery time of less than 200 ps with resolution
limited by the input pulse duration.® Then S- to 10-ps input pulses were used
to study etalons with no AlGaAs windows and with no etching of pixels.” A
thickness of 0.5 um was found to be optimum for current etalon designs: com-
plete recovery in 150 ps with 16-pJ input-pulse energy. A 0.3-um-thick sample
showed even fastgr recovery (down to about 40 ps) with 20-pJ input-pulse
energy. A 1350-A-thick sample of inferior quality showed recovery times as
fast as 30 ps but required much higher energies. Bombardment by 2-MeV pro-
tons was less effective. The most heavily bombarded sample (2x10' pro-
tons/cm?® showed 270-ps complete-recovery time, butl the contrast was severely
degraded (2:1) ever with more input-pulse energy (40-pJ).

These recovery times are probably quite adequate for parallel computations
where thermal considerations will limit the product of pixel density and repeti-
tion rate. Answers emerging from one etalon can proceed 1o the next etalon,
etc., so that many etalons can be used to avoid using any one too often. Where
very high-speed response is needed. for example, in a waveguide directional
coupler encrypting or multiplexing data in a pipeline mode, the newly discovered
AC Stark shift may be the answer.”® If the pump pulse is tuned far enough
below the exciton frequency, in the transparency region of the material, the car-
rier lifetime is no longer a limitation since carriers are not excited. A complete
shift/recovery cycle of the Fabry-Perot transmission peak has been accomplished
in 1.5 ps.?

The gates described herein utilize different wavelengths for inputs and
probe (output), making cascading difficult. Two-wavelength operation utilizing
an isolated resonance is one possibility. We are reassessing one-wavelength
operation (optical transistor or bistability operation) to see what price one must
pay for ease of cascadability.

We gratefully acknowledge support for the Arizona research by the Air
Force Office of Scientific Research, the Army Research Office, the National Sci-
ence Foundation (Grant Nos. 8317410 and 8610170), and the Optical Circuitry
Cooperative.
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Millimeter-Wave Intergrated Circuits 5&:
]
Barry E. Spielman o
Naval Research Laboratory, Code 6850 X
Washington, DC 20375-5000 o,
R
BACKGROUND s
-\-h
The opportunities offered by monolithic millimeter-wave technology span el
radar, communications, electronic warfare, and missile seekers. These -
opportunities relate to size, weight, and cost reduction advantages over f'i
standard metal waveguide and hybrid integrated c¢ircuit implementations, -
However, specific technical challenges remain in realizing some important <]
circuit building blocks. e
ENE
CIRCUIT BUILDING BLOCKS
Circuit building blocks for monolithic millimeter-wave ICs encompass
semiconductor devices and transmission line media. Table 1 lists most of the
semiconductor device candidates for use in millimeter-wave source, mixer/
detector, and modulator circuit functions. Of these, the most well S
established candidates are: the IMPATT, TED, and MESFET for sources; the ..
Schottky diode, Josephson junction diode, and MESFET for mixers/detectors; and :'t
the PIN and MESFET as modulator elements. As is suggested by the multitude of S
source candidates, current efforts are exploring new concepts to achieve :’t
reasonably high output power levels (25 mW or higher) with reasonable gain and \i\
efficiency (dc to RF) for above 60 GHz applications, especially in NS
three-terminal device configurations, .
AP
The transmission media most commonly considered for monolithic ﬂ}i
millimeter-wave ICs are standard microstrip, coplanar waveguide, and fin line T
or slot line. The unloaded Q value at 30 GHz for these (excluding fin line) o
transmission lines range from about 100 to 200. Similar values for trapped i{
inverted microstrip, inverted microstrip, fin line, and suspended microstrip !
lie in the range from 400 to 700, while those for image 1line and metal ft-
rectangular waveguide fall in the 2500 to 3000 range. Other characteristics o
for such media are also important, Table 2 qualitatively summarizes some of e
the more significant circuit medium properties for monolithic-compatible }5
media, hybrid IC compatible media, and metal waveguide. It is clear that 9
application-dependent tradeoffs must be made. -
It is becoming increasingly apparent that for monolithic IC designs new ;Cj
and more refined models are needed for semiconductor device representations r:u
and for treatment of device to circuit-medium interfaces (e.g. parasitic ey

effect treatment), especially for these higher frequencies. Once such models “a
are developed and verified, it would be desirable to have such design t.
capability available in a wmode which 1is widely accessible, Possibly CAD

workstation equipment could incorporate a software base for such a purpose. e
In the area of testing there are at least two important needs. One is to ;;f
expand the commercial availability of error-correcting, automated network ;::
analyzer equipment to at least 100 GHz. Also, a need exists for on-chip wafer
prober units to function accurately and reproducibly over the same frequency o
range. -
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related functions. This trend is observed in the listing of representative
programs provided in Table 3. A notable exception in this list is the 32 GHz
transceiver program. This program employs an approach where the output of a
microwave source is frequency multiplied to provide a 32 GHz transmit signal.
Other activities await efforts either to refine and improve existing source
devices in planar format or to innovate devices for signal generation directly
at the millimeter wave frequency of interest.

To best illustrate the technology being pursued in the monolithic
receiver area, attention is drawn to the second entry in Table 3, This
program is to provide a technology base for receivers to operate
instantaneously over the full 75 to 110 GHz frequency range. The focus of
this development is the receiver front end configuration depicted in Figure 1.
This configuration requires: four mixers, four common IF amplifiers, four
local oscillators, and an RF multiplexer. One design in GaAs pursued for the
mixer 1is depicted in Figure 2. This mixer has provided 7 to 9 dB conversion
loss over the 75 to 110 GHz band for an IF band from 8.5 to 17.5 GHz.

MIXER LNA
| 75 - 83 GHz D D 85-17.5 GHz
| 83 - 92 GHz SAME
| 4-WAY
D—-. FREQUENCY
| MULTIPLEXER | 92 - 101 GHz SAME
ANTENNA
75 - 110 GHz
| 101 - 110 GHz (>ﬂME
[ Fig. 1 Four-Channel Receiver
Front-End
A&
1 2 3 a
LOCAL OSCILLATORI(S!
oire
SLOTLINE/COPLANAR D
WAVEGUADE HYBRID ” 2::3.'uuoou

y/’/ 7I7TTN7 777777
7,

MICROSTRIP
~ LOWPASS FiL TER

_SUBSTRATE
T MATERIAL
COPLANAR
WAVEGIHDE-TO

Fig. 2 Planar Balanced Monolithic sLoT N Z
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Table 1  DEVICE CANDIDATES Table 3 ~
j :-
e SOURCES: MILLIMETER-WAVE MONCOLITHIC 1C EFFORTS >
" o
e IMPATT e PDBT ‘\
L) e 32 GHz TRANSCEIVER A
s TED e CHIRP(superlattice) <
a e 75 TO 110 GHz RECEIVER TECHNOLOGY “d
e MESFET e QUANTUM-WELL (QST) K
e 35 TO 38 GHz RECEIVER Ky
"I -« MODFET e DIMPATT "
e 44 GHz RECEIVER N
\ e HJBT e SSTWA .
L ~ 90 TO 100 GHz RECEIVER X
» CHINT e SS-OROTRON
; ® 110 GHZ QUASI-~OPTICAL MIXER ‘
. e NERFET ® SS-MAGNETRON -
‘- o 215 GHz DETECTOR DIODE ARPAY o
[ e OGST A SS-GYROTRON -~
L e 44 GHz PIN PHASE SHIFTER -
~4| e PBT e SPACE-HARMONIC AMPLIFIER <+
¥ a K,~BAND PIN DIODE WIKDOW CCMPONENTS o
- MIXER/DETECTOR: MODULATORS : e 30 TO S50 GHz AND 75 TO 100 GHz SWITCHES A
D AN
: e SCHOTTKY DIODE e PIN o
'y -~
« e J3/51S s MESFET N
-~
W e MESFET .
I
Ey e MODFET o8
'.. 3
’l o CHIRP b
v '
l‘ . l’
- » QUANTUM-WELL Oy
- ‘f
- Table 2 SUNMARY OF CIRCUIT MEDIUM PROPERTIES -
0w 23
PROPERTY WAVEGUIDE HYBRID IC's MOXOLITHIC IC's J
§ s
, APPLICABLE FREQUENCY 1 GEz TO 300 GHz ] GHz TO APPROX 70 GHz 1 GHz TO 100 CHzt ~
] o)
- RELATIVE COST HIGHEST MODERATE TO HIGH LOWEST B
d A
" SIZE LARGEST MEDIUM SMALLEST ‘
Ly -
. RF COMPONENT AVAILABILITY GREATEST EXTENSIVE LIMITED
)
.;- BANDWIDTH CAPABILITY LESS THAN OCTAVE GRFATER THAN (CTAVE GPFATEST
™
CONNECTOR AVAILARILITY COMPLETE COMPLETE NEEDS DEVELOPMENT '
W SOLID~STATE DEVICE POOR FAIR/COOD EEST ]
X COMPATIBILITY .
N v
'.; MODELING DATA BASE COMPREHENSIVE MOLERATE ILCOMPLETE Y
L] -
L] L.
POWER HANDLING BEST MOLFST-AKEAYS SEEDED PODEST-ARRAYS NERDED v
- “
REPEATABILITY POOR FAIR POTENTIALLY EXCELLENT )
-, . )
- LOSSES LOW MODFRATE HIGHEST <
b, ~3
o, VOLUME PRODUCTION POOR MODYRATF EEST -y
v SUITABILITY S




Enhanced Performance Ultrabroadband Distributed Amplifiers

G. Zdasiuk, M. Riaziat, R. lLaRue, C. Yuen and S. Bandy
Varian Research Center, Palo Alto, CA 94303

Distributed amplifiers have been used in recent years to achieve
amplification over multioctave handwidths e«tending to millimeter-wave
frequencies [1]. The distributed {or traveling wave) amplifier topology
has been especially suitable tor nonulithic inteqration using GaAs tech-
nology due to low sensitivity o component parameter variations and a
relatively high active/passive comporent ratio. A major drawback of the
approach has been the relatively low 4ain per stage (4-7 dB) and high
current consumption. This paper describes the application of novel cir-
cuit approaches (such as cascode-connected FETs and coplanar wavequide
transmission lines) and advanced devices such as high electron mobility
transistors (HEMTs) to improve performance, simplify fabrication and
achieve over 10 dB of single-stage gain over the 2-20 GHz band. This
band is of significance for electronic countermeasures systems and micro-
wave measurement applications

A circuit diagram for the 2-20 GHz distributed amplifier is shown in

Fig. 1. Input and output capacitances of the FET devices are incorporated
into an artificial transimission line structure, which have a low pass res-
ponse. A simplified gain expression, G(.) [2], for the circuit is given by

-A_(w)n -A (w)n ] 2
g d
e - e (])

Ag(m) - ﬁd(w)

where g, is the FET transconductance, Z, is the input and output artificial
line impedance (assumed to be the same here), Ay, A4 are the gate and
drain line losses (per section) respectively, and n is the number of sec-
tions. The frequency response of the amplifier is determined by the fre-
quency behavior of the input and output line attenuation, Ag(w), Ad(m).

The overall gain is determined by the active device I

The monolithic distributed amplifier circuit fabricated with MESFET
active devices on a semi-insulating GaAs substrate is shown in Fig. 2. A
novel feature of this circuit is the use of coplanar waveguide (CPW)
transmission lines (rather than microstrip) for forming the high impedance
inductive sections of the input and output artificial transmission lines.
The use of coplanar wavequide eliminates the need for through-the-substrate
via holes which are difficult to fabricate. Gain is also improved, since
the residual inductance of the via posts can reduce the overall amplifier
gain by ~1 dB. CPW is also highly compatible with both high frequency
contacting on wafer measurements and contactless electro~optic wafer prob-
ing techniques [3].

The active devices are GaAs MESFETs with qgate lengths of approxi-
mately 0.6 um, defined with optical Tithography. The overall gain peri-
phery is 725 um. Active layers are epitaxially grown using metalorganic
chemical vapor deposition. Figure 3 shows the gain versus frequency of
the amplifier. Approximately 9.5 dB of gain is achieved from 2-17 GHz.
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If a wafer with slightly lower active layer doping is used, thereby lower-
ing the gate capacitance and increasing the cutoff freauency of

the transmission lines, useful gain can be obtained to above 20 GHz.
Decreasing the doping also reduces the device gp, so that the overall

gain is lowered to ~7.5 dB.

By Fourier transforming the frequency domain data, the impulse res-
ponse is obtained. Typically, the circuits of Fig. 2 exhibit 75 psec of
pulse delay with ~100 psec of spreading.

An alternate approach to increasing distributed amplifier gain per
stage is to utilize 2 cascode-connected FETs in place of single FETs as
shown in Fig. 4. The output conductance of the "cascode block" of Fig.
4 is reduced by the factor (2 + gmrds)‘] from a single FET, where rg
is the output resistance of an individual FET. This will reduce the
drain line attenuation and hence increase the overall amplifier gain.
Other advantages of the cascode configuration include higher output
power (due to the second FET being connected as a grounded gate stage),
improved isolation, and the ability to use the second gate for automatic
gain control (AGC).

Figure 5 is a photomicrograph of a monolithic cascode distributed
amplifier. This circuit utilized 5 "cascode sections" consisting of 2
FETs each. In this case, the FET gates were written with E-beam 1itho-
graphy with an average gate length of 0.3 um. The circuit was fabricated
on MOCVD-grown GaAs epitaxial material. Over 11 dB of gain was obtained
over the 2-18 GHz band from the amplifier. This is currently the highest
reported gain for a single-stage amplifier covering the 2-18 GHz band.

A final approach for increasing the gain and bandwidth of distributed
amplifiers is to use high~transconductance (gm) devices such as high
electron mobility transistors (HEMTs). HEMTs are especially suited to
distributed amplifiers, since they have lower drain conductance than
MESFETs and the gate capacitance is less dependent upon gate voltage.
Other advantages include Tower noise figures and higher associated gains
in a 50-ohm environment and higher noise bandwidths [4].

A monolithic HEMT amplifier has been fabricated using a "conven-
tional" topology (i.e., microstrip transmission lines, no cascode-
connected devices, etc.). A photomicrograph of the circuit is shown in
Fig. 6. The HEMT active layers are grown by MBE on a semi-insulating
GaAs substrate. Preliminary results indicate that approximately 10 dB
of gain is achieved from 2-20 GHz. These are the first reported results
for a distributed amplifier fabricated with HEMT devices.

In summary, we have demonstrated enhanced performance ultrabroadband
distributed ampiifiers by the use of: (1) novel circuit techniques such
as coplanar waveguide transmission lines and cascode-connected FETs; and
(2) high-performance heterostructure active devices such as HEMTs.
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INPUT RETURN LOSS (dB)

GAIN (dB)

FREQUENCY {GHz)

Fig. 3 (a) Distributed amplifier gain and return loss with nominal
channel doping of 3-5 x 10/ cm=3: (b) amplifier gain with
nominal doping of 5 x 1017 cm-3.
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